ABSTRACT Space modulation is a group of multiple-input multiple-output (MIMO) techniques that attracted significant research interests lately. However, the aspect of implementation approaches and software defined radio (SDR) has been so far very limited. The aim of this paper is to propose a novel single SDR platform architecture that implements different space modulation techniques using currently available commercial off-the-shelf components. The proposed platform architecture can be dynamically reconfigured to implement different space modulation techniques with marginal to almost no extra hardware overhead. The impact of different hardware components that have to be considered to realize such an implementation is also analyzed and studied.
I. INTRODUCTION
The recent emergence of Internet of things (IoT) applications has increased the demand for reliable, energy efficient, high spectral efficiency, and low latency connected systems. Being one of the core elements of IoT, wireless technology is under continuous development to accommodate the IoT application demands [1] . Continually emerging wireless standards, such as 5G and beyond, aim to address the ever-increasing demand for higher data rates. Spectrum scarcity is the main factor that limits the vision for high speed wireless access. However, and apart from the data rate criteria of IoT supporting standards, the complexity, power consumption, cost, and reliability of the underlying hardware supporting the standards, need to be improved as well.
A promising solution to achieve the targeted data rate in future standards is anticipated through multiple-input multiple-output (MIMO) technology deployment. Spatial multiplexing (SMX) MIMO systems promise a linear gain in capacity with the number of antennas. Unfortunately, this linear gain requires high complexity transceivers and suffers from practical imperfections such as, spatial correlation, mutual coupling and others. On the other hand, Space Modulation Techniques (SMTs) are alternative MIMO techniques proposed to alleviate most of these precincts [2] - [5] . SMTs differ from other conventional wireless MIMO systems in the way they encode data bits at the transmitter. At each time instant, data bits are mapped to an ordinary complex symbol drawn from an arbitrary constellation diagram such as phase shift keying (PSK)/ quadrature amplitude modulation (QAM) or others and a spatial constellation symbol. The spatial constellation symbol is represented by an antenna index that signifies single transmit antenna, or a group of transmit antennas. The spatial symbol indicates the transmit antennas that will be activated during a particular time instant to transmit the ordinary complex symbol.
SMTs are revolutionary such that they enable efficient hardware MIMO transceiver implementations with low power and component cost at an increased data rate [5] . In [5] , novel transmitter designs for different SMTs are proposed and analyzed. It has been shown that different SMTs require variant hardware components and can be designed with a maximum of a single RF chain transmitter. It is revealed as well that SMTs can be traded-off in terms of error probability, power consumption, receiver computational complexity and hardware implementation costs. Therefore, platforms that assist in the development and production of such systems become increasingly important to have. In addition, the accomplished work thus far in terms of physical platform architectures and implementations for SMTs is very limited.
The recent advances in high performance system-onchips (SoCs) has allowed technologies like Software Defined Radio (SDR) to emerge as one of the techniques to aid in the test, development, and deployment of adaptive radio systems [6] - [8] . SDR provides the ability of implementing a software controlled physical layer of a wireless system. As such, SDR would enable the flexibility for multiple implementations through reconfiguration. The flexibility of SDR enables multiple application opportunities including, but not limited to, flexible test platforms, real-time reconfigurable systems, and cognitive radio applications.
This paper introduces a transmitter platform architecture for SMTs based on SDR. The platform architecture is based on commercial off-the-shelf (COTS) components and would be reconfigurable such that it can implement any of the available SMTs in literature including: Space shift keying (SSK) [9] , spatial modulation (SM) [10] , quadrature SSK (QSSK) [11] , quadrature SM (QSM) [11] , generalized SSK (GSSK) [12] , generalized SM (GSM) [13] , generalized QSSK (GQSSK) and generalized QSM (GQSM). Thereby, the proposed platform architecture would reduce the overall footprint and the required power for a traditional MIMO implementation. Conventional MIMO techniques, such as SMX, can achieve SDR realizations using COTS. However, with higher number of antennas, current COTS components do not have enough resources to accommodate conventional implementations in an efficient manner. In this paper a comparative study between the proposed SMT platform and conventional techniques is conducted based on COTS components.
II. RELATED WORK
It has been always anticipated that different SMTs can be implemented with a single RF chain. However, previous hardware implementations for different SMTs consider typical MIMO transmitters where each transmit antenna is driven by one RF chain and the whole chain is turned on and off to facilitate spatial modulation [14] . The platform in [14] is based on a SMX MIMO architecture that emulates the behavior of spatial modulation using a commercial test platform. As such, each antenna has a complete RF chain attached to it, where each unused chain is completely switched off depending on which antenna is activated. Very recently, [5] proposed a single RF chain transmitter designs for SSK, SM, QSSK and QSM. It is also revealed in [5] that these techniques require a simple receiver with low computational complexity, high energy efficiency, and low cost transmitters, and performs better than SMX in terms of average error probability.
In the context of SDR, implementation of traditional MIMO systems introduce additional challenges due to the need for multiple antennas, and typically RF chains, countered by the limited resources in COTS SoCs.
Consequently, works relative to SDR implementations can be divided to two parts: i) SoC architectures for enhancing baseband performance and ii) platform architectures for test and measurement. The latter being closer to the work proposed in this paper. Examples of different SDR architectural approaches at an SoC hardware level to enhance the computational performance of algorithms utilized in SDR frameworks can be found in [15] - [19] . On the other hand, [20] - [23] are all examples of works on non-MIMO based SDR platform architectures.
With respect to MIMO-SDR platforms, works such as in [24] show an example of an SDR-based massive MIMO platform. The platform utilizes numerous SoCs to achieve a particular implementation. This makes the platform nonefficient in terms of size, cost, and power consumption. A 4x4 MIMO system that requires five FPGA devices to implement a MIMO-based SDR system for channel measurements is proposed in [25] . A MIMO system implementation that uses a commercial testing platform, similar to [14] , is considered in [26] . These type of systems would be good enough for measurement and testing but not for actual commercial implementation.
It can be realized that none of the existing works address the implementation of MIMO SMTs under an SDR framework. More importantly, for existing MIMO based platform solutions, the size, power, and cost all can increase significantly with scaling. In this paper, we propose an SDR based platform architecture for MIMO SMTs transmitters using a single RF chain. The platform architecture is reconfigurable such that any SMT can be utilized in real-time using a single platform at no additional computational cost and minimal hardware cost. It will be shown that the proposed platform architecture is much more scalable in terms of cost, size, and power efficiency compared to traditional implementations of MIMO transmitter architectures.
The rest of the paper is organized as follows: Section III revises the different types of MIMO SMTs and their properties. Section IV highlights the proposed platform system architecture. Section V provides an analysis for different aspect of the of platform. Finally, Section VI furnish the obtained results and Section VII concludes the work.
III. SPACE MODULATION TECHNIQUES (SMTs)
A common advantage that all SMTs share is that they can be implemented using a maximum of a single RF chain transmitter [5] . Transmitter designs for SSK, SM, QSSK and QSM are proposed in [5] . Part of the work presented in this paper introduces transmitter designs for the other SMTs including GSSK, GSM, GQSSK and GQSM. These designs will be utilized to build a framework that can be reconfigured to implement any SMT. Brief summaries of the different SMTs is described in what follows.
• Space Shift Keying (SSK) [9] : SSK is the simplest form among the different SMTs and shown in [5] to require no RF chain at the transmitter. Instead, a fixed RF-carrier signal (e.g., cos(2πf c t)) is routed to FIGURE 1. Transmitter design for GSSK system with N t transmit antennas out of which n t = 2 will be active at each time instant.
the antennas. The symbol data transmitted is exclusively coded in the antenna index. Therefore, the spectral efficiency, η SSK , is dependent on the number of antennas utilized and η SSK = log 2 N t with N t denoting the number of transmit antennas.
• Spatial Modulation (SM) [10] : SM based transmitters leverage both an RF chain and the antennas to transmit data. The word being transmitted is split into two parts, a part that is coded in the antenna index and another that is modulated by the RF chain. Therefore, the spectral efficiency η SM = log 2 N t + log 2 M , where M is the modulation order.
• Quadrature Space Shift Keying (QSSK) [11] : QSSK utilizes two orthogonal RF carrier signals. Similar to SSK, an RF chain is not required and the transmitted data is coded into the antenna indexes [5] . However, QSSK doubles the spectral efficiency of an SSK system and η QSSK = 2 log 2 N t .
• Quadrature Spatial Modulation (QSM) [11] : Again, QSM is shown in [5] to require single RF chain where the I and Q paths from the RF chain are routed to two independent switches. The RF switch output signals are later combined using a power combiner before each antenna. QSM therefore can transmit double the spatial information as compared to SM with η QSM = 2 log 2 N t + log 2 M .
• Generalized Space Shift Keying (GSSK) [12] : The GSSK transmitter design is depicted in FIGURE1. GSSK is similar to SSK, with a main difference that an arbitrary number of transmit antennas can be utilized to transmit identical data. In GSSK, no RF chain is needed and transmitted data pass through an RF splitter before being routed to the corresponding antennas through the RF switches. In the proposed design, two RF switches are considered. The first one with single input and N t −n t outputs routes the input signal to the N t − n t output antennas. The second RF switch uses log 2 (n t ) bits to select an antenna out of n t antennas. The spectral efficiency is expressed as η GSSK = log 2 N t n t bits/s/Hz, where n t is the number of antennas that can be activated in a single time instant and · denotes the floor operation. It is important to note that the proposed design requires that both N t − n t and n t have a real positive power of two. However, a similar spectral efficiency can be achieved for a GSSK system with a less number of antennas but the transmitter design becomes much more complicated. For instance, consider η GSSK = 3 bits/s/Hz which can be achieved with N t = 5 and n t = 2 antennas. Configuring the RF switches with five transmit antennas is very sophisticated and can be simplified by considering N t = 6 antennas.
• Generalized Spatial Modulation (GSM) [13] : A single RF chain transmitter design for a GSM system is depicted in FIGURE2. GSM is similar to SM but with activating an arbitrary number of transmit antennas as in a GSSK system. The GSM spectral efficiency is
modulated RF carrier is passed through an RF splitter before entering the RF switches. A similar, number of RF switches, and remarks as discussed for the GSSK scheme are valid here as well.
• Generalized Quadrature Space Shift Keying (GQSSK): GQSSK is not yet proposed in literature and it is a generalization for the QSSK scheme as GSSK generalizes the SSK system. A transmitter design for GQSSK is depicted in FIGURE3. Similar to the GSSK scheme, no RF chain is needed to implement the transmitter of GQSSK and only RF switches are required. Transmitter design for GSM system with N t transmit antennas out of which n t = 2 will be active at each time instant to transmit a complex symbol drawn form arbitrary M−QAM constellation diagram.
However, in GQSSK two orthogonal signals are transmitted presenting the in-phase and the quadrature components of un-modulated carrier. As such, two RF switches are needed to transmit the in-phase component and another two RF switches are required to transmit the imaginary component. Hence, the spectral efficiency of GQSSK is η GQSSK = 2 log 2 N t n t bits/s/Hz. Assuming N t = 6 and n t = 2 results in η GQSSK = 6 bits/s/Hz. The first log 2 (N t − n t )= 2 bits determine the antenna that will be active at the output of the first switch to transmit
signal. The second log 2 (n t ) = 1 bit selects the antenna from the second RF switch to transmit identical signal as transmitted from the first switch. The other two switches have identical output ports as discussed for the previous switches but will be transmitting
. It is important to note that it is possible to have the same antenna transmitting the in-phase and the quadrature signals based on the sequence of incoming data bits. Thereby, an RF combiner is needed before each transmit antenna which combines signals from identical RF switches outputs.
• Generalized Quadrature Spatial Modulation (GQSM):
The GQSM transmitter design is depicted in FIGURE4. Similar to GQSSK, GQSM can be defined where the carrier in-phase and quadrature components are now modulated by a complex symbol drawn from an arbitrary complex constellation diagram. The spectral efficiency is η GQSM = 2 log 2 N t n t + log 2 (M ) bits/s/Hz.
IV. SDR PLATFORM SYSTEM ARCHITECTURE
The proposed platform architecture, shown in FIGURE5, consists of three main parts:
1) The SoC hardware along with its accompanying software 2) An analog front end 3) An RF switch network
The SoC hardware handles the digital signal processing and switch reconfiguration. The analog front end (AFE) handles the analog signal conditioning and the RF switch network routes and switches the RF signals to the corresponding antennas. The details of each block is addressed in the following subsections.
A. THE SoC
The platform hardware consists of a SoC device to perform the digital signal processing. Typically, the SoC type device utilized would have a DSP or an FPGA function paired with a microprocessor core. The microprocessor core would execute the algorithms that control the FPGA hardware running the particular radio DSP functions. The microprocessor control signals would be sent over to the FPGA hardware via a communication bus. The general hardware follows a typical SDR architecture as illustrated in [23] . However, in this architecture, dedicated output control signals are required to be routed from the SoC to the RF switch network block. The control signals are divided into static and dynamic bits. The dynamic bits are generated by the SoC hardware and routed to the RF switch network. The static bits, on the other hand, are controlled by the software algorithms running in the microprocessor.
The platform software would be responsible for control and monitoring. The software algorithms exchange control and status signals with the SDR platform hardware. The software has also the duty of reconfiguring the hardware and the RF switch to run different SMT configurations. The software algorithms can either be executed independently on the SoC utilizing OS system calls to lower layers or via real-time code running on a host computer exchanging signals with the SoC (ex. via Ethernet).
B. THE ANALOG FRONT END
All SDR platforms require some sort of analog front end for signal conditioning in addition to high speed ADCs & DACs. High speed ADCs & DACs are required to compen- Transmitter design for GQSSK system with N t transmit antennas out of which n t = 2 will be active at each time instant to transmit the un-modulated in-phase component of the carrier signal and another n t antennas to transmit the quadrature component of the carrier signal.
sate for the speed limitations of existing integrated ones in SoCs. Ultimately, the analog front end of an SDR should not include more than an antenna, amplifier, and a reconstruction filter [27] . Nevertheless, some new RF SoC technologies are emerging to reduce the footprint of the analog front end [28] , [29] .
C. THE RF SWITCH NETWORK
The RF switch network relies mainly on the RF switch as a core component. Therefore, RF switch properties need to be considered to study the impact on the system performance and implementation. Some COTS RF switch properties include the following [30] :
• Operating Frequency and Bandwidth: Diverse RF switch technologies have different operating frequency ranges. This has to be carefully addressed when designing the platform based on the target the bands and applications.
• Return Loss and VSWR: Describes the amount of power loss due to impedance mismatch between circuits. This effect can be addressed by following good design practice.
• Insertion Loss: The insertion loss expresses the amount of attenuation or power loss between the input and output ports of the RF switch when a port is selected. Lower insertion loss values are preferred to avoid extreme power loss on the operating signals.
• Isolation: Isolation expresses the amount of attenuation available between the input and output ports of the RF switch when a port is not selected. High isolation is usually required to prevent stray signals from getting though. This property is not expected to have a considerable effect on SMT based systems. The matter of fact is that the RF switch in an SMT configuration is utilized different to common applications. Conventionally, RF switches are utilized to route multiple inputs to a single output. Having multiple active inputs would require better isolation such that crosstalk is minimized. In the case of SMTs, a single input is routed to multiple outputs. Therefore, there would not be any close signals that would affect the single input.
• Switching Speed: The switching speed describes the amount of time needed to switch from one pole to another after the control signals are selected. Typically, the times expressed as T on and T off , are the terms of interest. T on expresses the amount of time it takes for the switch to reach a certain percentage voltage ''on'' level on the output relative to change in the level of the control signal input. Alternatively, T off expresses the amount of time it takes for the switch to reach the ''off'' level on the output relative to the change in level of the control signal input. The switching speed is mainly impacted by the device technology. Some technologies utilized in current COTS RF switches include GaAs transistors, Pin Diode, Electro Mechanical, and MEMS. GaAs transistor technologies usually achieve the least amount of switching time. The RF switch network altogether has two functions to accomplish. The first is performed at setup time to configure the signal routing paths based on the selected SMT scheme. The second is actively switching certain RF switches VOLUME 5, 2017 during operation to spatially modulate the RF signals. The RF switch is controlled through a series of bits that are generated by the SoC hardware. The bits consist of a static part required for routing configuration at set up time and a dynamic part that actively changes for modulation in run time. As shown in FIGURE6, there are two routing stages and a signal switching stage. The static bits are utilized to configure the input and output routing stages at set up time. On the other hand, the dynamic (switching) bits are used to control the switch positions in the switches of the signal switching stage.
The signal switching stage is divided into three groups that can be operated independently or in conjunction depending on the selected SMT protocol. The first RF switching group contains the switch (or switches) for implementing standard (non-quadrature) techniques. The second group is for routing quadrature signals for quadrature techniques.
Finally, the third group is a series of switches in parallel for the remaining generalized techniques that can be typically determined by the value of n t .
The proposed architecture implies that there are switches available commercially to implement any SMT word-size with its matching N t . Nevertheless, that does not always have to be the case. Alternatively, the sizes of switches can be decreased and the decoding logic for the dynamic switching signals integrated into the SoC. For example, four SPST switches can replace a single SP4T switch in the standard group by integrating the switching logic into the SoC.
The input routing stage controls the path of input signals. The standard and quadrature switch groups can receive an input either directly from an external port or from a power dividing matrix for generalized cases. The generalized switch group, however, always receives its inputs from the power dividing matrix. The input routing stage has log 2 (I n ) + S x control bits where log 2 (I n ) defines the total number of input channels/signals and the S x is the number of bits needed to control the input source of the cascading switches that determine the inputs for standard and quadrature group switches.
The output routing stage routes the output signals from the switching stage to the antennas. The different routes are dependent on whether the SMT is quadrature or not. In case of quadrature SMT, a combiner would be required ahead of all antennas to merge the signals. Therefore, each antenna can receive an RF signal either directly from an RF switch or alternatively from a combiner. thereby, the output routing stage would require N t + n t control bits, one bit to control each SPDT connected to an antenna. As an example, FIGURE7 shows one possible implementation of an RF switch network with maximum N t = 6 and n t = 2. TABLE 1 presents the routing switch configurations required to achieve a particular SMT implementation along with the maximum achievable spectral efficiency (η).
All the input states come together to form the configuration set up word generated by the SoC. The table also indicates the maximum transmittable word size assuming M = 4 for SM based SMTs. The shown architecture does not require any decoding logic in the SoC since all the decoding logic is incorporated into the switches. Don't care states, (denoted by ''X'') in TABLE 1, stem from the assumption that unused input signals are externally switched off by the SoC. Otherwise, switches can be expanded to add a path to ground such that the unused antenna inputs are grounded, i.e., turned off.
V. SYSTEM ANALYSIS A. POWER CONSUMPTION
A power model is developed in order to determine the power consumption of the proposed platform. The general power consumption of the platform can be modeled as follows:
where P soc denotes the power consumed by the SoC device, P afe is the power consumed by the analog front end, and P rfsw is the power consumed by the RF switch network. Note that the RF switch network power consumption is considered in SMTs implementations only. Meaning that for a SMX type implementation, the value of P rfsw would be zero. Also, both P soc and P afe can be calculated and/or estimated based on the manufacturer data sheets and tools. Also, P rfsw depends on the number of RF switches utilized based on the required spectral efficiency for each scheme as
where P irsw is the total power consumed by the input routing switches, P ssw is the total power consumed by the signal switches, and P orsw is the total power consumed by the output routing switches. The calculation of P ssw depends on the spectral efficiency as it the determines the number of required RF switches. Hence, P ssw can be further expanded as
In other words, P ssw is the total consumed power by all RF switches and for any SMT, there exists N sw SPDT RF switches each consuming P sw power.
Assuming fixed values for M and n t , the minimum needed number of RF switches by each SMT system to achieve a target spectral efficiency η can be calculated. For n t = 2, the number of needed RF switches for a specific M is
where K(·) denotes a positive root greater than one of the polynomial function. The power equations demonstrate that the scaling of the RF switch network causes an incremental increase of the combined power consumption. This can be addressed potentially by employing power saving techniques to reduce the overall power consumption of the switch network. For example, depending on the employed SMT, not all the RF switches will be needed. As a result, a power gating circuit can be introduced to eliminate the power consumption of unused switches. Deciding which switches can be turned off can be accomplished using the control bits and simple logic.
B. HARDWARE COST
The proposed transmitter hardware design can be expanded to any size by expanding the RF switch network without impacting any other block. Therefore, the cost is mainly driven by the size of the RF switch network. Depending on the number of antennas needed, the different switch groups would be expanded to accommodate the extra antennas. When scaling, the input routing stage remains unchanged. However, the output routing stage requires the addition of combiners and switches to route to the output antennas.
Also, COTS RF switches that can support the required transmitter size for the signal switching stage need to be identified. For example, some COTS devices that currently exist can support up to 16 outputs [31] at an increased switching time. Yet, if more than 16 antennas are needed to employ massive MIMO for instance, a combination of smaller switches can be used. This leads to more RF switches being cascaded with each other, which as explained earlier can affect the overall spectral efficiency. The cost model can be represented as:
where C soc is the cost of the SoC device, C afe is the cost of the analog front end, C ovd is the cost of overhead components (e.g., capacitors, resistors, printed circuit board, and power supplies), C rfsw is the cost of the RF switches, C com is the cost of combiners, and C spt is the cost of splitters. C rfsw , C com , and C spt are all part of the RF switch network and depend on the required spectral efficiency for each SMT. In the case of spatial multiplexing (SMX), a similar model would apply but with two differences. First, for an SMX implementation, there is no RF switch network so C rfsw , C com , and C spt would all equal zero. Second, depending on the SoC and AFE resource limitation of how many RF chains they can support, the total cost would be a multiple of the SoCs needed to achieve the target spectral efficiency.
An increase in the size of the RF switch also drives an increase in the number of configuration and switching bits driven by the SoC hardware. The number of general purpose output ports available to drive all the bits are generally limited, which limits what a single SoC can support. This, however, can be leveraged by adding external logic or memory to expand the number of I/O. Another consideration as the number of dynamic lines increases for switching is skew. The arrival of setup bits at different times can cause the switch to potentially drive the incorrect antenna output. Skew issues, nevertheless, are addressed at a board design level by following proper design practices.
In comparison, scaling in the case of SMX comes at a much higher cost. SMX would require a full RF chain implementation for each antenna. This essentially means that the hardware blocks ahead of the antennas are more likely to run out of resources. Alternatively, higher cost devices might be required to incorporate more circuitry. With current COTS components though, increasing the number of antennas beyond a certain limit will definitely require more hardware resources as demonstrated in [24] .
C. SIZE ANALYSIS
Similar to the cost model, the size model follows a similar trend. The size model is a combination of the required footprint for each of the components utilized. As a result: (6) where S soc represents the area required for the SoC device, S afe is the area required for the analog front end, S ovd is the area required for overhead components, S rfsw is the area required for RF switches, S com is the area required for combiners, and S spt is the area required for splitters.
D. DATA RATE ANALYSIS
The data rate is mainly affected by the switching time of the RF switch. FIGURE8 shows the timing diagram for an RF switch output. A change in the control inputs would cause the selected output to pass the RF signal. The switch would then remain on for a period of T symbol required to transmit a symbol. As a result, the total time to activate then deactivate a certain output T switch can be expressed as Also, the symbol time for any non-SSK scheme can then be expressed as
where T bit is the time for the transmission of a single bit. Following the previous definitions in (7) and (8), an expression for the data rate of each SMT can be obtained based on the spectral efficiency as
where R s denotes the symbol rate for each SMT scheme. It must be noted that the SSK based schemes do not have a T symbol since symbols are transmitted spatially only.
VI. RESULTS
For all depicted results, a COTS 2x2 SDR hardware platform is considered to evaluate the proposed architecture [32] . The platform contains a single SoC device and a single AFE and can support up to a 2x2 SMX implementation out of the box. The considered system also has a single configurable AFE that can support two transmit and receive chains [33] . Some higher order platforms also exist commercially (e.g., 8x8). However, the order limit is warranted by the SoC resources and would require multiple AFEs. For SMX implementations, the order limit would be addressed by adding more SoCs, a feat not necessary for SMTs where the RF switch network is expanded instead. For comparisons of power, cost, and size in this section two approaches are taken. The first approach considers the impact based on the number of antennas and the second considers the impact based on the target spectral efficiency. The reason this is done is because of the nature of the architecture. The RF switch network cannot be scaled all to one spectral efficiency for all SMTs as illustrated in TABLE 1. Finally, and for all results, the values of M =4 and n t =2 are considered also only SPDT switches are assumed. 
A. POWER CONSUMPTION
Component parameters are determined according to component data sheets and SoC vendor power consumption tools. For power consumption, the parameters in TABLE 2 are assumed [34] - [37] . The parameter P rfsw can be calculated either based on the required number of antennas or the spectral efficiency according to (2) , (3), and (4). The power consumption of the platform varies with scaling the number of antennas compared to SMX as shown in FIGURE9. Also, changing the spectral efficiency is shown to vary the power consumption as illustrated in FIGURE10 and FIGURE11. It is obvious from FIGURE9 that SMTs consume much less power than SMX system. SMX power consumption is shown to grow significantly with increasing N t . However, if a certain spectral efficiency is required, certain SMTs might not perform well in terms of power consumption. This is due to the increased number of needed RF switches. For example, an SMX system would outperform an SSK implementation at around 8 bps/Hz by consuming around 1 W less power. On the other hand, a spectral efficiency of at least 44 bits/s/Hz would be required for SMX to outperform GQSM system as can be seen in FIGURE11.
It must be noted, however, that for this analysis P soc and P afe are assumed to be the same for both SMX and SMTs systems. Nevertheless, in reality, the SMT system would require less SoC computational power and less AFE power than a SMX platform. Therefore, the actual power consumption of the SMT platform would be less than actually. This, on the other hand, would not change the trends of the results, but rather shift out the points where the SMT system outperforms the SMX system at a certain spectral efficiency.
B. COST COMPARISON
For system cost, the parameters in TABLE 3 were obtained [34] - [37] . C ovd was roughly estimated given that it would be difficult to calculate an accurate cost for overhead components. Also, the parameter C rfsw is calculated in a similar manner to P rfsw . The cost of the platform varies with scaling the number of antennas compared to SMX as shown in FIGURE12. The platform costs versus the target spectral efficiency for different SMTs vs SMX are depicted in FIGURE13 and FIGURE14. Similar to the power trends, the cost data shows that with the scaling of N t , the SMT based architecture always costs less than the SMX system. Though again, if a certain spectral efficiency is required, certain SMTs do not fair well against SMX in terms of cost. This is for the same reason of increased number of RF switches that is needed. For example, in the cost case, an SMX system would cost the same as an SSK implementation (1100 $) to achieve a spectral efficiency of 11 bits/s/Hz. On the other hand, in the best case, a spectral efficiency of at least 54 bits/s/Hz would be required for SMX to cost the same as GQSM at approximately 5600 $. 
C. SIZE COMPARISON
For evaluating the platform size, the parameters in TABLE 4 were obtained. S ovd was again roughly estimated for overhead components. Also, the parameter S rfsw is calculated in a similar manner to P rfsw and C rfsw . The minimum needed size of the SMTs platform with scaling the number of transmit antennas as compared to SMX is shown in FIGURE15. Similarly, the required platform sizes for non-generalized and generalized SMTs while varying the spectral efficiency are depicted in FIGURE16 and FIGURE17. From FIGURE16, except for N t =2, an SMX platform would consume more space with increasing N t . The difference with N t =2, is the size required for RF switches. Though again, if a certain spectral efficiency is required, certain SMTs do not fair well against SMX in terms of size. This as well is due to the increased number of RF switches required to achieve a certain spectral efficiency. For example, for a spectral efficiency of 4 bits/s/Hz, SMX requires less footprint than any other SMT. This is because for the standard 2x2 platform, no RF switches are required. Moreover, in terms of footprint, FIGURE16 and FIGURE17 show that SMX requires less space than SSK, SM, QSSK, GSSK, and GSM for any spectral efficiency. In the case of footprint, a considerable amount of the system is impacted by increasing the number needed of RF switches for certain SMTs. The impact is also worse given that the analysis assumes usage of only SPDT switches. As a result, any technology that can integrate more of the RF switching in a single package would lessen the size impact.
D. DATA RATE RESULTS
To study the impact of the switching time on the data rate of different SMTs, the available range of switching times for several COTS GaAs RF switches were surveyed. It was determined that typical switching times ranged from 10's of ms down to 100's of ns depending on the technology and number of outputs [38] , [39] . Following that, we assume a system with bit transmission time of 10 −6 s, M = 8, N t = 4, and n t = 2. As a result, based on (9), the data rate plots for the different SMTs are shown in FIGURE18 and FIGURE19. A demonstration on the data rate degradation due to switching time for SMTs and generalized SMTs are depicted in figures FIGURE18 and FIGURE19. It is revealed that there exists an upper limit on the symbol rates determined by the symbol time T symbol . The switching time T switch is required to be less than T symbol to achieve the maximum achievable bit rate of the system. Moreover, selecting T switch values much less than T symbol does not introduce any particular benefit. It can also be deduced that with increased values of M , the symbol time would increase accordingly. This would decrease the maximum achievable symbol rate and can accommodate RF switches with reduced switching times.
On the other hand, SSK-based techniques would benefit highly from reduced switching times in RF switches. Theoretically, SSK-based techniques' symbol rate is bounded by the switching time of the RF switch. The resulting analysis highlights the importance of selecting an appropriate switching time for the dynamic switches to meet any application data rate requirements. All of the aforementioned considerations, such as symbol size and switching time, have to be taken at design time depending on the application requirements.
VII. CONCLUSION
This paper proposed an architecture to implement different SMTs in a single SDR platform. The platform architecture, power consumption, cost, size, and data rate were analyzed and presented. It was shown that up to a certain level of spectral efficiency, the proposed architecture shows favorable gains with an advantage over traditional techniques such as SMX. The performance and data rate results achieved in this paper also highlight that, while flexible SDR implementations are achievable for SMTs, careful consideration needs to be taken at the design phase. In particular, the impact of the increasing number of RF switches can have a detrimental effect if high spectral efficiencies are to be achieved. As with most systems, the configuration of the system would depend on the application requirements. 
